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Rocketdyne, 
A Diviaion of North American Aviat ion,  Inc. ,  

Canoga Park, Ca l i fo rn ia  

I"I!EiODUCTION AND SUMMARY 

This paper summarizes the  research e f f o r t s  performed under NASA Contract  

NAS7-304, "Chamber. Technology f o r  Space S to rab le  Propel lan ts  ,It during t h e  

period 1 July 1964 through 30 Apri l  1965. This 12-month appl ied  research  

grogram, which is still i n  progress,  has as its ob jec t ive  t h e  establ ishment  

of t h e  technology necessary f o r  the des ign  

capable of an 1800-second f i r i n g  dura t ion  a t  a minimum c* e f f i c i e n c y  of 

95 percent ,  us ing  the  high performance ox id ize r ,  oxygen d i f l u o r i d e ,  and a 

hydrazine-type f u e l .  The program is both a n a l y t i c a l  and experimental  i n  

na ture .  

of cooled t h & s t  chambers 

The a n a l y t i c a l  s t u d i e s  were conducted t o  s e l e c t  t he  mos t  promising f u e l  

and chamber cool ing  technique', as well as t h e  design of the t e a t  hwdwarc. 

As a r e s u l t  of these  ana lyses ,  monomethylhydrazine (MMH) emerged as the 

best choice,  and a t h r u s t  chamber configurat ion w a s  s e l ec t ed  t h a t  coiisieted 

of an a b l a t i v e  combustion chamber, a r egene ra t ive ly  cooled t h r o a t  s e c t i o n ,  

and an a b l a t i v e  nozzle  s k i r t .  

chamber pressure and mixture r a t i o  f o r  t h e  experimental  phases of t he  

program. 

The analyses a l s o  def ined t h e  optimum 

The experimental  e tudy (at  the  1,000-pound t h r u s t  l eve l )  provided s p e c i f i c  

des ign  c r i t e r i a  f o r  o cooled t h r u s t  chamber us ing  the  s e l e c t e d  p rope l l an t  

combination. Severa l  candidate i n j e c t o r  deeigne were evaluated in a b r i e f  
I 
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s e r i e s  of experiments (which include a demonstration of t h r o t t l i n g  capa- 

b i l i t y ) ,  and a self-impinging doublet  p a t t e r n  was found t o  be the  mos t  

colnpatible with the  se l ec t ed  chamber cool ing concept. The o ther  t l l rus t  

chamber components ( a b l a t i v e  chamber, regenera t ive ly  cooled t h r o a t ,  and 

a b l a t i v e  s k i r t )  were then f ab r i ca t ed  and evaluated under s e a  l e v e l  and 

simulated a l t i t u d e  condi t ions.  The r e s u l t s  ind ica ted  t h a t  a l l  of the 

cooled t h r u s t  chamber components could be expected t o  maintain t h e i r  

s t r u c t u r a l  i n t e g r i t y  f o r  t he  required 1800-second dura t ion  while  pro- 

v id ing  a c* e f f i c i e n c y  of a t  least 95 percent .  

of 1800-second f i r i n g s  (p re sen t ly  under way), t he  f e a s i b i l i t y  and per- 

formance of t he  se l ec t ed  chamber cooling concept are being demonstrated 

a t  sea l e v e l  and a l t i t u d e  condi t ions.  

F i n a l l y ,  i n  a s e r i e s  

ANALYTICAL STUDIES AND P~LIMINARY DESIGN 

The f u e l  s e l e c t i o n  and t h r u s t  chamber cool ing ana lyses ,  which were i n t e r -  

r e l a t e d ,  l ed  t o  the  s e l e c t i o n  of the s p e c i f i c  f u e l  and t h e  s p e c i f i c  t h r u s t  

chamber cool ing concept (Fig.  1). 

used i n  t h e  subsequent experimental  work were designed i n  accordance wi th  

t h e  r e s u l t s  of these  analyees.  

The var ious  t h r u s t  chamber components 

FUEL SELECTION ANALYSIS 

Eleven r ep resen ta t ive  f u e l  candidates were chosen from among t h e  hydrazine 

and amine-class f u e l s .  Four nea t  f u e l s  were included because of t h e i r  

s i m p l i c i t y  and wel l -character ized physical  p rope r t i e s ,  as w e l l  as the  

ex tens ive  development experience assoc ia ted  wi th  them. 

(which r ep resen t  simple mixtures with improved apace s to rage  c a p a b i l i t y  

and increased thermal e t a b i l i t y ) ,  and four  te rnary  blends (which r ep resen t  

t h e  u l t ima te  i n  present-day ta i lor -b lending  techniques) ,  were a l s o  included, 

Anrmonia w a s  coneidered t o  be hypergolic w i th  oqrgen d i f l u o r i d e  in t h i s  

a n a l y s i s ,  even though i t 8  hypergol ic i ty  under t h e  s u b j e c t  engine opera t ing  

condi t ions  is somewhat doubtful .  

Table I. 

Three binary blends 

The 11 candidate  f u e l s  are e h m  i n  

2 
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TABIE I 

CANDIDATE F"EIS 
(Selected From IIydrazine and Amine Class 

Neat Fuels and Blenda) 

PRIMARY 
NEAT FUELS BLENDS 

HYDRAZiNE 
UDMH 
MMH 

" 3 

50 /50  
MHF-3 
MAF-4 
MHF-5 
MAF- I 
HYDRAZOIO-P 
BA-1014 



. 

These candidate  f u e l s  were then compared i n  terms of performance, payload, 

and space s torage  c a p a b i l i t y  w i t h  oxygen d i f l u o r i d e ,  as well  as opera t iona l  

aspec ts  and t h r u s t  chamber cooling capab i l i t y .  

"strong" o r  "weak" candidates i n  each comparison area; from the  high- 

ranking f u e l s  i n  each area, t h e  bee t  compromiee candidate  w a s  f i n a l l y  

se l ec t ed .  

The f u e l s  were r a t e d  as 

Performance 

The t h e o r e t i c a l  s p e c i f i c  impulse f o r  each of t he  11 candidates  wi th  oxygen 

d i f  luoride ( f o r  s h i f t i n g  equilibrium) was ca l cu la t ed ,  and t h e  r e s u l t s  are 

summarized i n  F ig .  2. It should be observed t h a t  t h e r e  is no g r e a t  

d i f f e rence  i n  the  t h e o r e t i c a l  performance a t t a i n a b l e  wi th  any of t hese  

f u e l s  ( the  maximum spread is only about  15 seconds of impulse). However, 

t he re  is a r a t h e r  widespread i n  optimum mixture r a t i o ,  ranging from about 

1.5 f o r  Hydrazoid-P t o  about 3.0 f o r  MAP-1 and MAF-4. The la t te r  is an 
important design parameter,  s ince  it may inf luence tank s i z e  and regenera- 

t i v e  t h r u s t  chamber design. 

No s i n g l e  f u e l  could be r a t e d  as "strong" o r  "weak" baeed s o l e l y  on these  

performance comparisone, t o  which l i t t l e  e igni f icance  can be given without  

simultaneously consider ing payload and s to rage  c a p a b i l i t i e s .  

Payload and Space Storage 

Analy t ica l  s t u d i e s  were accordingly made t o  e s t a b l i s h  a f u e l  r a t i n g  based 

on t h e  r e l a t i v e  payload and space s to rage  c a p a b i l i t i e s  of each f u e l .  The 

approach w a s  t o  s e l e c t  s e v e r a l  probable spacec ra f t  models and s e v e r a l  

l i k e l y  space s to rage  du ra t ions ,  and c a l c u l a t e  t h e  payload f o r  each spacecraf t -  

du ra t ion  combination with each of t h e  11 candidates.  For  each model and 

du ra t ion ,  t h e  f u e l  wi th  t h e  h ighes t  payload was r a t e d  a t  100 percent ;  f o r  

t h e  o ther  f u e l s ,  t h e  percent  of maximum payload was ca l cu la t ed ,  and a 

weighted average obtained f o r  each f u e l  based on a l l  n ine  epacecraff-  

du ra t ion  combinatione. 
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The spacecraf t  models s e l ec t ed  were: 

1. The Mars (MEM) aecent  s tage  (29,500-pound p rope l l an t ) ,  which 

employs propel lan t  tanks exposed t o  the space environment; 

2. 

3. 

The Apollo Service Module (35,000-pound p rope l l an t ) ;  and 

The Apollo Descent Stage (9,000-pound propel lan t ) ,  both of 

which f ea tu re  tanks enclosed wi th in  the  vehic le  

The propel lan t  weights of these vehic les  bracket the  range of p o t e n t i a l  

appl ica t ions  of oxygen d i f luor ide  systems i n  the 1,000 t o  30,000 pound 

t h r u s t  range. 

- 
The space s torage  durat ions considered were: 

1. 

2. 

3. 

Short  du ra t ion  (10 days o r  lese) 

Medium dura t ion  (about 1 year )  

Extended dura t ion  (about 2 years )  

The r e s u l t s  of t he  combined payload and space etorage r a t i n g  ana lys i s  a r e  

shown in  Table 11. This t ab le  shows t h a t  f i v e  f u e l s  rate as "strong" 

candidates ,  and t h a t ,  wi th t h e  exception of MAF-1, they are a l l  nea t  f u e l s  

o r  simple binary blends. 

Operational Aspects 

This r a t i n g  a rea  was intended t o  include other  f a c t o r s  of importance i n  

the  development of an engine system which e x h i b i t  a v a r i a t i o n  depending 

on the  f u e l .  The f a c t o r s  evaluated were: (1) experience,  both with the 

f u e l  and with t h e  appropriate  propulsion systems; (2) t he  r e l a t i v e  s i u p l i c i t y  

of systems development, including t h e  e e n s i t i v i t y  of t h e  f u e l ' s  dens i ty  

and v i s c o s i t y  t o  temperature; and (3) propel lan t  l o g i s t i c s  i n  terms of 

eaee of handling and camnercial availability. Each area was sepa ra t e ly  
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TABLE I1 

PAYLOAD AND SPACE STORAGE RATING RESULTS 

FUEL RATING 

MMH 
MAF-4 
UOMH 
MHF-3 
MAF- I 

"3 65. I 

HYDRAZOID - P 
MHF- 5 
BA - 1014 
50 - 50 
N2 H4 

'I WEAK'  
16.5 
16.4 



. . 

analyzed and the  candidates ra ted  from 0 t o  10. 

r a t i n g ,  each category was weighted nearly equa l ly ,  wi th  a s l i g h t  emphasis 

placed on experience. 

In the  f i n a l  combined 

Table I11 presents  t h e  f i n a l  r e s u l t s  of the  opera t iona l  a spec t s  r a t ings .  

These r e s u l t s  should not  be construed t o  p r e c i s e l y  d i f f e r e n t i a t e  between 

f u e l s  separa ted  by only a few poin ts ,  bu t  a eepara t ion  i n t o  "strong" and 

"weak" groups can d e f i n i t e l y  be made, The f i v e  "strong" candidates are 
a l l  n e a t  f u e l s  o r  simple binary blends. 

System Optimization Analysis 

To determine the optimum values  of s eve ra l  c r i t i c a l  parameters which 

inf luence chamber cool ing (chamber pressure ,  mixture r a t i o ,  and nozzle 

expansion area r a t io ) ,  as well as t he  maximum allowable devia t ions  of 

these  parameters from the  optimum va lues  f o r  a 2-percent payload reduct ion ,  

a system opt imizat ion analyeie  was conducted. It was based on the  se l ec t ed  

propulsion models a l ready  mentioned, and coneidered per turba t ions  i n  mission,  

v e h i c l e ,  and propuls ion system c h a r a c t e r i s t i c s .  

are summarized i n  Table IV, and show that r a t h e r  wide v a r i a t i o n s  may be 

t o l e r a t e d  i n  these  design parameters wi th  a r e l a t i v e l y  small loss i n  

payload. 

The r e s u l t s  of t h i s  s tudy  

THEUJST CHAMBER COOLING ANALYSIS 

The t h r u s t  chamber cool ing  ana lys i s  cons is ted  of :  

q u a l i t a t i v e  review of poss ib le  cool ing methods, (2) a d e t a i l e d  quant i ta -  

t i v e  ana lys i s  of gas-side hea t  transfer, and (3) eva lua t ions  of a number 

of cool ing  techniques (including combinations) f o r  each of t h e  f u e l  c m d i -  

da t e s .  

s t andpo in t  and a l s o  t h e  most promising cool ing  methods f o r  t h e  1,000- t o  

30,000-pound-thmet range. 

(1) a comprehensive 

The cool ing  ana lye is  determined t h e  best f u e l s  from a cool ing 

9 



TABLE I11 

OPERATIONAL ASPECTS RATING 

FUEL - FINAL RATING 

"3 

N2 H4 

MMH 
UDMH 

50- 50 

MAF-4 

MHF- 3 
MAF-I 
BA- 1014 
MHF- 5 
HYD- P 

04 
70  
74 
73  
67 

62 

c " STRONG " 

54 

"WEAK" 
42 
40 
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RESUIJ!S OF SYSTEM OPl'IMIZATION ANAIXSIS 

PARA METER 

OPTIMUM VALUE AND 
MAXIMUM ALLOWABLE 

OEViATlON * 

CHAMBER PRESSURE 
MIXTURE RATIO 
EXPANSION AREA RATIO 

100 PSlA f 50% 
MAX I S P  VALUE f25% 
1OO:l f 50 Yo 

8 - 8ASED ON A 2 'Yo PAYLOAD REDUCTION 
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For the  sake of b r e v i t y ,  t he  resul ts  of t he  q u a n t i t a t i v e  cool ing  ana lys i s  

a r e  presented only f o r  four  f u e l  candidates ,  MMH, UDMH, 9 and Hydrazoid-P. 

MMH and UDMH a r e  presented because they represent  t he  s t r o n g e s t  ove ra l l  

candidates  based on performance, payload, space s t o r a g e ,  and opera t iona l  

aspec ts .  Although 

ove ra l l  r a t i n g s ,  it is presented here  because it is a nea t  f u e l  wi th  

an except iona l ly  high operat ions r a t i n g ,  and might p o t e n t i a l l y  be used 

wi th  r e l a t i v e  ease i n  an engine system. Hydrazoid-P is included because 

it is a supe r io r  regenera t ive  coolant wi th  reasonably good space s to rage  

c h a r a c t e r i s t i c s ,  even though i ts  ove ra l l  r a t i n g ,  exclusive of cool ing,  

i s  weak. 

was ne i the r  the  s t r o n g e s t  nor  the  weakest i n  the  

A s  a r e s u l t  of the  q u a l i t a t i v e  review, regenera t ive ,  r a d i a t i o n ,  a b l a t i o n ,  

and f i l m  coo l ing , . aa  well 8s combinafaons of t hese ,  were s e l e c t e d  f o r  the 
detailed qunntifative analyses, 
were evaluated a t  s tandardized operat ing condi t ions and th ree  t h r u s t  chamber 

s i z e s  t o  permit an ob jec t ive  comparison. 

Both cooling techniques and fuel coolante 

The condi t ions were: 

Thrust  l e v e l  1000, 4000, 30,000 pounds 

Cliamber pressure 100 p s i a  

Mixture r a t i o  (o / f )  value a t  -2 percent  of maximum payload 
based on Bray performance 

40: l  (77 percent  bel l )  Expansion a r e a  r a t i o  

Contraction area r a t i o  3:i  

Combustion chamber 
c y l i n d r i c a l  l ength  4 inches 

Contraction ha l f  angle  30 degrees 

The ana lys i s  a l s o  considered the  compat ib i l i ty  of each cool ing method with 

t h r o t t l i n g  over about 1 O : l  t h r u s t  r a t i o  range a t  a l t i t u d e .  

12 



Detai led ca l cu la t ions  of chamber and nozzle hea t  f l u x ,  t o t a l  hea t  load, and 

f i l n  c o e f f i c i e n t s  were made f o r  each of t h e  candidate f u e l s .  

Bartz equat ion was used (with the Ecker t  re fe rence  temperature and illl axi -  

symmetric v e l o c i t y  based on loca l  w a l l  Mach number) t o  p r e d i c t  t he  convective 

cont r ibu t ion;  t o  t h i s  were added the cont r ibu t ions  of gaseous r a d i a t i o n  and 

boundary l aye r  chemical recombination. In genera l ,  t h e  a n a l y t i c a l l y  de te r -  

mined t h r o a t  hea t  f l uxes  and t o t a l  chamber hea t  loads were comparable f o r  

a l l  the  propel lan t  combinations invest igated.  Typical va lues  are presented 

i n  Table V. 

The s impl i f ied  

Coo 1 inn Te clm ique Evalua t i ons 

To eva lua te  the  regenera t ive  cooling technique and t h e  regenera t ive  cool ing 

c a p a b i l i t y  of the .candida te  fue l e ,  both hea t  s ink  c a p a b i l i t y  and r e l a t i v e  

coolant- jacket  pressure  drops were a n a l y t i c a l l y  inves t iga ted .  

h e a t  s ink  c a p a b i l i t y  w a s  determined a t  each of t he  t h r e e  t h r u s t  l eve l s  (1000, 

4000, and 30,000 pounde) and then compared t o  t h e  in t eg ra t ed  chamber hea t  

load based on the  gas-side hea t  t r a n s f e r  ca l cu la t ions .  

are summarized i n  Fig.  3, show t ha t  only Hydrazoid-P could completely 

regenera t ive ly  cool  t h e  engine at e i t h e r  30,000 or  4000 pounds, and t h a t  

complete regenera t ive  cool ing is almost poss ib le  wi th  MMH i n  a 30,000-pound- 

t h r u s t  engine. However, by u t i l i z i n g  a radiat ion-cooled s k i r t  from 40: l  

clown t o  the minimum area r a t i o  a t t a c h  p o i n t  ( f o r  r a d i a t i o n  cool ing) ,  it was 

found poss ib le  t o  cool t h r u s t  chambers down t o  t h e  1000-pound l e v e l  with 

IIydrazoid-P, and down t o  eomewhat less than the  4000-pound l e v e l  v i t h  MMH. 
t h e  o ther  candidate  f u e l s ,  it wae n o t  poss ib le  t o  cool t h r u s t  chambers 

below the  30,000-pound-thrust l eve l ,  even wi th  t h i s  combined regenerat ive-  

r a d i a t i v e  technique. 

The maximum 

The r e s u l t s ,  which 

With 

2 The v e l o c i t y  head ( p  V /2 gc) required f o r  regenera t ive  cool ing i n  the  t h r o a t  

reg ion  w a s  ca l cu la t ed  f o r  each of t h e  candidate f u e l s ,  s ince  t h i s  is a con- 

v e n i e n t  index of t h e  r e l a t i v e  coolant j acke t  pressure drope. 

heads are compared i n  Fig.  4, which ind ica t e s  t h e  h igher  pressure drope t o  be 

These v e l o c i t y  

expected wi th  UDMB and Eydrazoid-P compared t o  9 and MMB. 



H 

E! 
r 

J 
W > 
bJ 
J 

5 c 
IL 
\ 
m 
J 

. 

0 
0 
0 - 

0 
0 
0 

0 
M 

f 

14 



n 
I 

0 

S ?  a -  
Y 
0 
rr) 

t 
u' 

Y 

a 
E 
W a 
2 

Y 
0 
)r) 

Y 
4 

rr! - -  

z- S". 



8 

I 

s c a a 
w a 
3 c 
2s 
E 

0 

16 



i 

It was recognized t h a t  a regenerat ively cooled t l i rus t  chamber could only 

be t h r o t t l e d  over n very l imited range,  because of t h e  p o s s i b i l i t y  o f  

thermal decomposition of the  fue l  o r  l o c a l  burnout phenomena a t  the lower 

f u e l  f lowrates  encountered d u r i n g  t h r o t t l i n g .  Since l i t t l e  o r  no t h r o t t l i n g  

is normally required i n  space engine app l i ca t ions  a t  the  1000-pound t h r u s t  

l eve l  ( t he  s c a l e  of t he  present  experimental t h r u s t  chambers), it w a s  n o t  

considered t o  be a ser ious  disadvantage. A t  higher t h r u s t  l eve l s  (30,000 

pounds, f o r  example), however, deep t h r o t t l i n g  requirements could s e r i o u s l y  

l i m i t  the  a p p l i c a b i l i t y  of a regenera t ive ly  cooled t h r u s t  chamber. 

Although the successfu l  use of ab la t ive  mater ia l s  f o r  the t l l r o a t  region w a s  

o r i g i n a l l y  quest ionable  f o r  long f i r i n g  dura t ions  (because of probable 

t h r o a t  enlargement),  appl ica t ion  of a b l a t i v e  ma te r i a l s  t o  the  combustion 

chamber wae considered. 

Rocketdyne wi th  another  propel lant  eystem showed neg l ig ib l e  sur face  e ros ion  

with phenolic carbon c l o t h  ab la t ive  material, which wasas thermodynamically 

pred ic ted  f o r  combustion gases  containing a emall amount of water vapor. 

Although the  water content  f o r  5 and Hydrazoid-P a r e  r e l a t i v e l y  high 

(g rea t e r  than 10 weight percent ) ,  t h e  water contents  of MMH and UDMH a r e  

l o w  and can be made t o  approach zero by decreasing the  mixture r a t i o  (Fig. 5 ) .  
It was recognized t h a t  t h i s  could be achieved by a s u i t a b l e  i n j e c t o r  design 

which gave a l o w  mixture r a t i o  i n  t he  v i c i n i t y  of t he  chamber w a l l .  

Earlier experimental t h r u e t  chamber f i r i n g s  a t  

Based on ex t rapola t ions  of d a t a  from previous a b l a t i v e  f i r i n g s  under s i m i l a r  

condi t ions ,  it was predicted tha t  t h e  char depth could be held to . abou t  2 inches 

a f t e r  1800 seconds of f i r i n g  by using a carbon c l o t h  phenolic mater ia l  (which 

r e s i s t s  erosion i n  the  absence of water  vapor i n  the  exhaust gasee) ,  backed 

up by phenolic r e f r a s i l  (which chars  a t  about ha l f  t h e  r a t e  of the  carbon 

c l o t h ) .  

I 
I 

Through t h e  use of such a composite a b l a t i v e  ma te r i a l  it should be f e a s i b l e  

t o  completely. cool a 1000 pound .aF,/bME t h r u s t  chamber. 

could be used f o r  the  s t r a i g h t  cy l ind r i ca l  por t ion  of t he  cornbustion chamber, 

while  regenera t ive  cool ing could be u s e d ' i n  the  t h r o a t  region. 

or ablation-cooled s k i r t  would be uaed f o r  t he  remainder of t h e  expansion. 

The a b l a t i v e  ma te r i a l  

A r a d i a t i o n  
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Furthermore, an ablelaon-coole.:.. t h r u s t  chamber is capable of t h r o t t l i n g  over 

a r e l a t i v e l y  wide t h r u s t  range, provided t h a t  mixture r a t i o  g rad ien t  c o n t r o l  

C M  be maintained by means of a s u i t a b l e  i n j e c t o r .  

Film cool ing was considered as an a l t e r n a t i v e  t o  a b l a t i o n  a t  the  1000-pound 

t h r u s t  l e v e l ;  t h e  l e v e l  which was se l ec t ed  f o r  experimental  eva lua t ions  under 

t h i s  program. Calculat ions of coolant requirements were c a r r i e d  out  us ing  

previously obtained experimental  data on the  f r a c t i o n  of the  t o t a l  coolant  

enthalpy which is a c t u a l l y  e f f e c t i v e  i n  cool ing a chamber w a l l .  

f o r  a l l  the  f u e l s  were similar: 

l a n t s  would be requi red  t o  f u e l  f i lm cool j u s t  t h e  s h o r t  c y l i n d r i c a l  

por t ion  of t he  combustion chamber, 

e f f i c i ency  would have t o  be g rea t e r  than 100 percent  t o  achieve the  requi red  

95 percent  c* e f f i c i ency  in t h e  chamber. In addi t ion,  t o  cool  longer 

chambers might r equ i r e  etnged cooling, with a r e s u l t i n g  increase  i n  t h e  

mechanical complexity of t he  system. 

s e r i o u s l y  l i m i t  t he  t h r o t t l i n g  c a p a b i l i t y  of t he  p re sen t  chamber, and might 

make accura te  t h r u s t  chamber sca l ing  d i f f i c u l t .  

t h a t  t h e  use of f i l m  cool ing would be a8 dee i r ab le  as t he  use of a b l a t i o n ,  

a t  least  i n  the  present  appl ica t ion .  

The r e s u l t s  

about 5 weight percent  of t h e  t o t a l  propel-  

Under these  condi t ions ,  t h e  i n j e c t o r  c* 

F i n a l l y ,  t h e  use of f i l m  cool ing would 

It the re fo re  d i d  n o t  appear 

FUEL SELECTION AND !I”WST CXAMBER 

COOLING ANALYSIS SUMMARY 

O f  t h e  four  f u e l s  discussed f o r  the t h r u s t  chamber cool ing  ana lyses ,  no s i n g l e  

f u e l  w a s  found t o  be outs tanding f o r  un ive r sa l  a p p l i c a t i o n  wi th  the  oxygen 

d i f  luor ide  oxid izer .  

t i v e l y  cooled, a f u l l y  ablat ive-cooled,  or a film-cooled t h r u s t  chamber were 

n o t  f e a s i b l e  a t  t he  1000 pound t h r u s t  l e v e l ,  and t h a t t h e  most promising 

concept was a composite t h r u s t  chamber cons i s t ing  of an ablative-cooled 

combustion chamber, a regeneraf ively cooled t h r o a t  s e c t i o n ,  and a rad ia t ion -  

o r  ablation-cooled s k i r t  sec t ion .  

The cool ing analyses  ind ica ted  t h a t  a f u l l y  regenera- 

The phys ica l  p rope r t i e s  of Eydrazoid-P ind ica ted  that t h i e  f u e l  would be 

a good candidate  f o r  regenera t ive  cool ing.  

t i v e l y  cooled engine wae found not t o  be f e a s i b l e  below a t h r u e t  l e v e l  of 

However, e ince  a f u l l y  regenera- 
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'4000-pounds t h r u s t ,  and Iiydrazoid-P exhib i ted  a weak ove ra l l  r a t i n g  as a 

f u e l  candidate ,  it appeared t o  be l e s s  des i r ab le .  In add i t ion ,  it may no t  

be compatible with any ab la t ive  chamber design approach, because of its 

r e l a t i v e l y  high exhaust gas water content.  MMH, on t h e  o the r  hand, was 

found t o  be a very compatible f u e l  f o r  regenera t ive ly  cooled conf igura t ions ,  

and was a l s o  seen t o  be q u i t e  compatible with a b l a t i v e  conf igura t ions  (pro- 

vided the  mixture r a t i o  near  the  ab la t ive  walls could be con t ro l l ed  through 

s u i t a b l e  i n j e c t o r  des ign) ,  which made it a very  good compromise choice.  

UDMII would have been a bet ter  choice i f  completely a b l a t i v e  chambers had 

been f e a s i b l e ;  however, it w a s  qu i t e  we& for regenera t ive  app l i ca t ions .  

i 

TEST HARDWARE DESIGN 

I n j e c t o r  Design Philosophy 

The design of i n j e c t o r s  began r e l a t i v e l y  e a r l y  during the  program, before  

the  composite t h r u s t  chamber concept j u s t  deecribed had emerged as t h e  

most workable chamber cool ing approach. Accordingly, i n j e c t o r  design 

proceeded along two p a r a l l e l  pa ths ;  two in j ec to r8  were designed wi th  a 

view pr imar i ly  toward the  requirements of completely regenera t ive ly  

cooled chambers, while  a t h i r d  w a s  designed pr imar i ly  f o r  p o t e n t i a l  ab l a t ive -  

cooled chamber app l i ca t ions .  

minor por t ion  of t he  o v e r a l l  e f f o r t ,  because it was f e l t  t h a t  high performance 

could r e a d i l y  be a t t a i n e d  through the app l i ca t ion  of wel l -es tab l i shed  i n j e c t o r  

des ign  c r i t e r i a  f o r  optimum propel lan t  mixing and atomization. In add i t ion ,  

t he  t a s k  w a s  markedly s i n p l i f i e d  by us ing  considerable  experimental  informa- 

t i o n  r e l a t i v e  t o  halogenated oxid izers  and hydrazine-type f u e l s ,  a l ready  on 

hand a t  Rocketdyne. 

The i n j e c t o r  design cons t i t u t ed  a r e l a t i v e l y  

Although general  i n j e c t o r  design c r i t e r i a  and r e l a t e d  experimental  d a t a  may 

be appl ied  t o  any i n j e c t o r ,  t he  approach chosen f o r  the design of a s p e c i f i c  

i n j e c t o r  depends t o  a l a rge  ex ten t  on the t h r u s t  chamber cool ing  technique. 

Therefore ,  some of t h e  i n j e c t o r  design coneiderat ions f o r  r egene ra t ive ly  and 

ablat ive-cooled chambers w i l l  be b r i e f l y  summarized here.  



I n j e c t o r s  intended pr imar i ly  f o r  regenera t ive  app l i ca t ions  a r e  normally 

requi red  t o  produce maximum performance i n  a r e l a t i v e l y  s h o r t  conbustion 

chamber, s ince  long chambers may lead t o  high j acke t  pressure  drops o r  an 
excessive coolant  bulk temperature r ise .  The la t te r  e f f e c t  must be 

avoided, s ince  it may r e s u l t  i n  exothermic decomposition, uns tab le  f i l m  

b o i l i n g  and burnout,  o r  a change of phase of t h e  coolant .  

an i n j e c t o r  capable of producing f i n e l y  atomized, uniformly d i s t r i b u t e d  

sprays as soon as poss ib le  a f t e r  the  p rope l l an t  streams leave t h e  o r i f i c e s ,  

is requi red ,  

t o  produce a higher  degree of propel lan t  mixing than t h e i r  self-impinging 

counterpar t s  ( f o r  t he  same degree of a tomizat ion) ,  s ince  the  f u e l  and oxid izer  

impinge d i r e c t l y ,  and the re fo re  mix sooner. Therefore,  t h e  two i n j e c t o r s  

designed f o r  p o t e n t i a l  regenerat ive app l i ca t ions  were both  of t h e  unl ike-  

impinging stream.type, One was an unlike doublet, and the other was an 
unsymmetrical 2-on-2 wi th  ind iv idua l  elements arranged as s h m  i n  t h e  

ske tch  below.  

pa t t e rn .  

Consequently, 

c I n  genera l ,  unlike-impingement o r i f  i c e  pa t t e rns  may be expected 

Both contained 68 elements arranged i n  a square o r  ltboxll 

Oxidize- 

O x i d i z e r e  

The 2-on-2 and the  unl ike  doublet  i n j e c t o r s  were used f o r  t h e  t h r o t t l i n g  

c a p a b i l i t y  demonstration t e a t s  which are discussed l a t e r  i n  t h e  paper. 

I n j e c t o r s  intended pr imar i ly  f o r  a b l a t i v e  t h r u s t  chamber app l i ca t ions  a r e  

normally requi red  t o  have t h e i r  o r i f i c e  p a t t e r n s  or ien ted  i n  such a manner 

as t o  prevent  o r  a t  least minimize impingement of oxidizer-r ich fans  

d i r e c t l y  on t h e  chamber walls, s ince  t h i s  e f fec t  may cause severe  l o c a l  

e ros ion .  In add i t ion ,  and even more important i n  t h e  present  case ,  t he  

o v e r a l l  

chemical r e a c t i o n s  a t  t h e  sur face ,  must be avoided. 

e ros ion  of t h e  a b l a t i v e  su r face ,  which r e e u l t a  mainly from fhermo- 
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These thermochemical r eac t ions  may be divided f o r  convenience i n t o  two 

kinds:  the r eac t ion  of water, and t h e  r eac t ion  of uncombusted ox id ize r ,  

wi th  the h o t ,  carbonaceous char.  

rate might then be held wi th in  t o l e r a b l e  l i m i t s  by minimizing the  q u a n t i t i e s  

of water  vapor and unconsumed oxid izer  i n  con tac t  wi th  t h e  w a l l .  

recognized t h a t  t h i s  could be accomplished by an i n j e c t o r  which could 

maintain low mixture r a t i o s  i n  the  w a l l  r eg ion  ( r e c a l l  how water vapor 

content  decreases  sharp ly  with mixture r a t i o  f o r  OF /M). 
i n j e c t o r  must a l s o  have a r e l a t i v e l y  s t e e p  mixture r a t i o  g rad ien t  between 

the optimum performance value i n  the bulk of the  f r e e  stream, and t h e  

reduced value i n  a small zone near  t h e  w a l l ,  t o  avoid performance degrada- 

t i on .  I n  genera l ,  r a d i a l l y  or iented self-impinging o r i f i c e  p a t t e r n s  have 

been found t o  be most e f f e c t i v e  i n  maintaining such a con t ro l l ed  mixture 

r a t i o  g rad ien t ,  as wel l  as i n  preventing loca l ized  erosion.  Accordingly, 

the  i n j e c t o r  designed f o r  po ten t i a l  a b l a t i v e  app l i ca t ions  w a s  of t h i s  type,  

Since the  t h r u s t  chamber cool ing ana lys i s  subsequently ind ica ted  the  deoi r -  

a b i l i t y  of us ing  an a b l a t i v e  combustion chamber, t he  self-impinging doublet  

i n j e c t o r  w i l l  be emphasized over the o ther  two candidates i n  t h i s  paper. 

I t  is  c l e a r  t h a t  t h e  o v e r a l l  e ros ion  

It w a s  

Such an 2 

Se 1 f -1mping ing  Doublet I n j e c t  o r  

The self-impinging doublet  i n j ec to r  has 80 elements arranged i n  a r a d i a l  

p a t t e r n  of a l t e r n a t i n g  f u e l  and oxid izer  r ings  (Fig. 6). 
r i n g  c o n s i s t s  01” f u e l  eiemeiite (pairs  of 

i n  diameter)  canted 10 degrees inward t o  avoid d i r e c t i o n  impingement of t he  

p rope l l an t  fans  on the chamber walls. The nex t  r i n g  toward the  cen te r  

c o n s i s t s  of ox id i ze r  elements (pa i r s  of ox id izer  o r i f i c e s ,  each 0.025 inch 

i n  diameter) ,  a l s o  canted 10 degrees inward t o  prevent d i r e c t  w a l l  

impingement. 

flowrates requi red  t o  maintain a chamber pressure  of 100 p s i a  a t  a 2.0 

mixture r a t i o .  

The outermost 

O r i f i C e g ,  each 0.020 i ~ c h  . .  

Equal ox id izer  and f u e l  pressure  drops were employed a t  the  

The o r i f i c e  p a t t e r n  i n  Fig.  6 w a s  designed t o  produce a g rad ien t  i n  mixture 

r a t i o  across  t h e  face of t he  i n j e c t o r ,  from f u e l  r i c h  condi t ions  (mixture 
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Figure 6. Orifice Pattern of Self-Impinging Doublet Injector RID 2381 



' ratios of 1.0 o r  l e s s )  a t  the  outer perip..ery t o  t h e  nominal des ign  mixture 

r a t i o  (2.0) i n  the  c e n t r a l  port ion of t h e  spray. 

To determine t h a t  each i n j e c t o r  would produce a s u f f i c i e n t l y  uniform 

degree of p rope l l an t  mixing, and t h a t  t he  self-impinging double t  i n j e c t o r  

produced i n  add i t ion  t h e  d e s i r e d  mixture r a t i o  g rad ien t  c o n t r o l ,  a b r i e f  

s e r i e s  of cold-flow spray analyses w a s  conducted p r i o r  t o  t h e  ho t - f i r i ng  

eva lua t ions .  

A l l  t h r e e  i n j e c t o r s  were cold flowed i n t o  a spray-sampling device ,  using 

thc  p rope l l an t  s imulants  water  and t r i ch lo re thy lene  a t  a nominal mixture 

ra t io  of 1.8 t o  2.0, wi th  the  i n j e c t o r  face a t  a cons tan t  d i s t ance  f rom 

t h e  c o l l e c t o r .  The mass and mixture r a t i o  d i s t r i b u t i o n s  were then cal- 

cu la t ed  by a computer program. 

The r e s u l t s  of t h e  cold flaw experiments ind ica ted  t h a t  a l l  t h r e e  i n j e c t o r s  

could be expected t o  produce t h e  requi red  95 percent  c* e f f i c i e n c y  i n  a 

chamber wi th  a c h a r a c t e r i s t i c  lcngth of 15 inches or  less. In add i t ion ,  

t h e  des i r ed  mixture r a t i o  gradien t  w a s  a t t a i n e d  wi th  the  self-impinging 

coublet  i n j e c t o r ,  (Fig.  7). 

Figure  7 is a normalized p r o f i l e  p l o t  of t h e  mixture r a t i o  d i s t r i b u t i o n  f o r  

t he  self-impinging doublet  i n j ec to r .  It may be seen t h a t  t he  c e n t r a l  

po r t ion  of t h e  spray  p a t t e r n ,  comprising 95 percent  of t he  t o t a l  mass of t he  

-9pray; hac1 n nearly uniform mixture r a t i o  of about 2. 
t h e  walls, a sharp  and near ly  l i n e a r  mixture r a t i o  g rad ien t  e x i s t e d ,  

from 2 t o  less than 1 a t  t h e  w a l l s .  

of t h e  spray  w a s  c o l l e c t e d  i n  the g rad ien t  regions.  

t h e r e f o r e  expected t o  h e l p  maintain t h e  s t r u c t u r a l  i n t e g r i t y  of t h e  t h r u s t  

chamber dur ing  long-duration f i r ings.  

I n  the  v i c i n i t y  of 

Only about 5 percent  of t he  t o t a l  mass 

This i n j e c t o r  w a s  
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Ablat ive Chamber Liners  

The r e s u l t s  of e a r l i e r  Rocketdyne research  showed t h a t  c e r t a i n  combinations 

of commercially a v a i l a b l e  a b l a t i v e  ma te r i a l s  were capable of withstanding 

the  combustion chamber environmental condi t ions (such as temperature,  

p ressure ,  and chemical composition) encountered wi th  interhalogen oxid izers  

and hydrazine-based f u e l s  a t  chamber pressures  of 300 p s i a  or  l e s s .  

of combining two materials (an inner  l i n e r  of carbon c l o t h  and an outer  

l a y e r  of R e f r a s i l  t o  maintain a low ove ra l l  rate of char ) ,  t o  y i e l d  a chamber 

assembly which has a d i s t i n c t  p o t e n t i a l  f o r  long-duration f i r i n g s ,  had 

a l ready  been demonstrated. 

Methods 

Accordingly, a d e t a i l e d  experimental survey of a number of candidate a b l a t i v e  

ma te r i a l s  was no t  considered necessary,  and only the  phys ica l  arrangement of 
the  two ma te r i a l s  ( t o  provide both s t r u c t u r a l  i n t e g r i t y  and a long-duration 

c a p a b i l i t y )  w a s  i nves t iga t ed  during t h i s  program. 

composites of carbon c l o t h  and R e f r a s i l  phenolic matel;ials, and d i f f e r e d  

only i n  the  thickness  of the  carbon c l o t h  layer  and t i e  angle  (measured 

from the  chamber c e n t e r l i n e )  a t  which the  carbon c l o t h  l aye r  was wrapped. 

The angle  of wrap a f f e c t s  the char  r a t e  of the carbon c l o t h  m a t e r i a l ,  as 

w e l l  as t h e  thermal conduct iv i ty  of i t s  char ( these  p rope r t i e s  a r e  no t  

i s o t r o p i c ) ,  and t h e  th ickness  of the carbon c l o t h  a f f e c t s  i t s  temperature 

The l i n e r s  were a l l  

- 
p r o f i l e .  Both v a r i a b l e s  a l s o  inf luence t h e  r a t e  of char  of t he  R e f r a s i l  

overwrap. 

t h e  a b i l i t y  t o  withstand the  shear  fo rces  of t h e  acce le ra t ing  gas. 

c l o t h  thicknesses  of 0.6 and 1.2 inches,  and wrap angles  of 15 and 30 

degrees  were s tudied .  

c e n t e r l i n e  i n  each case. 

In add i t ion ,  the wrap angle w i l l  determine t o  a large ex ten t  

Carbon 

The R e f r a s i l  was wrapped p a r a l l e l  t o  t h e  chamber 

A l l  t h e  l i n e r s  yere 8 inches long ( t h i s  length  w a s  based on t he  i n j e c t o r  

eva lua t ion  tes ts  t o  be discussed la ter)  and had an i n t e r n a l  diamefer of 

3.72 inches.  

depths  i n  both t h e  carbon c l o t h  and R e f r a s i l ;  as one means of measuring 

t h e  char rates of t hese  materials. 

Each was inrtruclenfed with thermocouples embedded a t  var ious  

26 



Ablat ive Nozzle S k i r t s  

Unlike the  r a t h e r  severe i n t e r n a l  environment encountered i n  t h e  combustion 

chamber and t h r o a t  region of t h e  t h r u s t  chamber, condi t ions  i n  t h e  nozzle 

expansion zone appeared t o  be q u i t e  amenable t o  the  use of contemporary 

ab la t ive  mater ia l s  f o r  cooling. The r e s u l t s  of the  a b l a t i v e  f i r i n g s  

conducted during t h i s  program ( t o  be presented l a t e r  on) ind ica ted  t h a t  

t h e  carbon-cloth/Refrasil  composite ma te r i a l  j u s t  descr ibed was q u i t e  

s u i t a b l e  t o  use i n  the  combustion chambers; t he re  w a s  no reason t o  be l ieve ,  

then ,  t h a t  t he  same n a t e r i a l  would no t  perform adequately under t h e  l e s s  

s t r i n g e n t  condi t ions p reva i l i ng  in t h e  nozzle expansion cone. 

program c o s t s ,  t he re fo re ,  only the carbon c lo th /Refras i l  couposi te  was 

evaluated as a s k i r t  mater ia l .  

o r i g i n a l  program plan ,  which ca l l ed  f o r  i nves t iga t ion  of a t  least th ree  

d i f f e r e n t  a b l a t i v e  ma te r i a l e .  Also, l e s e  emphaeie was placed on varying 

the  layer  thickness  and wrap angle of t h e  carbon c l o t h  m a t e r i a l ,  s ince  the 

nozzle environmental condi t ions were expected t o  be much l e s s  severe than 

those i n  the  chamber. b 

To conserve 

This represented a depar ture  from the  

Each s k i r t  cons is ted  of an inner  layer  of carbon c1oth/phenolic,  0.6-inch 

t h i c k ,  and an overwrap of re f ras i l /phenol ic .  

a divergence half-angle of 15 degrees,  and expanded the  exhaust gases from 

an a r e a  r a t i o  of l .g:1 t o  one of 20 : l .  The s k i r t s  have not  been evaluated 

as y e t ,  bu t  when they a r e  f i r e d ,  a supersonic  d i f f u s e r  w i l l  be used t o  ensure 

t h a t  experimental a n a l y s i s  of the s k i r t  i e  no t  inva l ida ted  by flow separat ion.  

The slcirts w i l l  a l s o  be instrumented with embedded thermocouples to measure 

t h e  char rates of both a b l a t i v e  materials. 

The s k i r t s  were con ica l ,  wi th 

Reaeneratively-Cooled Throat Sect ion 

The regenera t ive ly  cooled t h r o a t  s e c t i o n  f o r  app l i ca t ion  wi th  the  ab la t ive  

chambers and t h e  a b l a t i v e  nozzle e k i r t e  hne been designed, and seve ra l  have 

been fab r i ca t ed .  



The f i n a l  design s e l e c t i o n  (Pig.  8) was based on the  fol lowing requi re -  

ments: (1) a b i l i t y  t o  remove t h e  l o c a l  hea t  f l u x ,  (2) material compati- 

b i l i t y  with t h e  coolant  (monometliylhydrazine) , (3) minimal pressure drop 

through t h e  coolant  passages,  and (4) ease and c o s t  of f ab r i ca t ion .  

The design s e l e c t e d  cons is ted  of a s p i r a l  s l o t  machined i n t o  t h e  coolant  

s i d e  of t h e  nozzle contour ,  and appropr ia te  f i l l e r  s e c t i o n s  t o  d i r e c t  the  

coolan t  flow. Se lec t ion  of t he  one-pass s p i r a l  des ign  w a s  d i c t a t e d  by 

= s t r i n g e n t  l imi t a t ions  on the  mass f l m r a t e  of f u e l ,  p a r t i c u l a r l y  a t  the  low 

experimental  t h r u s t  l eve l .  Design va lues  of f i l m  c o e f f i c i e n t s  were obtained 

from t h e  hea t  f l u x  d a t a  measured i n  the  uncooled hardware eva lua t ions  ( t o  
be descr ibed i n  t h e  fol lowing sec t ion ) .  

c 

Material s e l e c t i o n  w a s  l imi ted  pr imar i ly  t o  s t a i n l e s s  s t ee l  and t h e  aluminum 

a l l o y s  because of t h e i r  compat ib i l i ty  wi th  the  MMH coolant .  

s t a i n l e s s  s t e e l  w a s  chosen as the prel iminary material f o r  the  nozzle contour 

while  aluminum a l l o y  nozzle i n s e r t s  were f a b r i c a t e d  t o  a l low f o r  ma te r i a l s  

eva lua t ion  i n  t h i s  p a r t i c u l a r  appl ica t ion .  

!Type 321 

Iii add i t ion ,  a water-cooled throat.  sezticn w a s  nsed io some of t he  e a r l y  

a b l a t i v e  f i r i n g s  t o  s imula te  the r egene ra t ive ly  cooled t h r o a t  while  it 
w a s  i n  f a b r i c a t i o n .  

28 



Figure 8. Cutaway View of &generatively-Cooled Throat Section 
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EXPERIMENTAL PROGRAM 

The experimental program w a s  conducted t o  obta in  the design c r i t e r i a  neces- 

sary t o  bu i ld  a long-duration cooled space engine using an oxygen d i f l u o r i d e  

oxidizer .  

eva lua t ion  f i r i n g s  t o  v e r i f y  the a b i I i t y  of each of the  th ree  i n j e c t o r s  t o  

produce t h e  required 95-percent c* e f f i c i e n c y  i n  a r e l a t i v e l y  ehor t  combustion 

chamber, (2) cooled t h r u s t  chamber t e a t s ,  i n  which severa l  d i f f e r e n t  a b l a t i v e  

chamber and regenera t ive  nozzle conf igura t ions ,  ae  w e l l  ae i n j e c t o r  ma te r i a l e  

of cons t ruc t ion  and ablative s k i r t s ,  were etudied,  and (3) a s e r i e s  of e t a r t -  

s top - re s t a r t  f i r i n g s  ( t o t a l i n g  1800 seconds f o r  each t h r u s t  chamber assembly 

t ea t ed )  t o  demonstrate t he  f e a a i b i l i t y  of t he  f i n a l  cooled-chamber design 

under both sea level and eimulated a l t i t u d e  condi t ione.  To conserve program 

c o s t s ,  most of the  f i r i n g e  were made wi th  70-30 FLOX as a aimulant f o r  

oxygen d i f l u o r i d e .  

A0 ehoim i n  Fig.  9, it coneiated of (1) a b r i e f  series of i n j e c t o r  

The ob jec t ive  of t h i e  por t ion  of the program was t o  document c* performance ae 

L? f m c t i o n  of c h a r a c t e r i e t i c  chamber length  (L*) f o r  each of t h e  candidate  

i n j e c t o r s .  

100 p s i a  and 2.0, respec t ive ly ,  in  t h e  ma jo r i ty  of t e s t e ,  i n  accordance wi th  

the  r e o u l t s  of t he  Taak I performance opt imizat ion ana lys ie .  

and nozzle  hea t  f lux meaeuremente were made simultaneouely, ueing the  uncooled 

copper combustion chamber and nozzle shown i n  Fig .  10. 

Chamber preeeure and mixture r a t i o  were held a t  nominal va lues  of 

Trans ien t  chamber 

Tee t Hardware 

Figure 10 i e  a schematic representa t ion  of t he  engine hardware ueed i n  the  

i n j e c t o r  eva lua t ion  t e a t s .  

of variable l eng th  were fabr ica ted ,  so t h a t  c h a r a c t e r i s t i c  chamber length  L* 

could be systematically varied between 7.73 and 20.19 inchee ( length  varied 

Combustion chambers wi th  3.72-inch diameter and 
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between 3.22 and 9.47 inchee).  

d r i c a l  por t ion  t o  permit i n j e c t o r  evaluat ion8 t o  be c a r r i e d  out a t  very  s h o r t  

chamber lengths  where t h e  va r i a t ion  of performance wi th  the i n j e c t o r  spray  

parameters waa q u i t e  pronounced. 

and expansion wae optimum t o  the  atmospheric preeeure a t  the e l eva t ion  of the  

Roclcctdyne Propulsion F ie ld  Laboratory. 

The nozzle sec t ion  had a 2-inch-long cy l in-  

A con t r ac t ion  r a t i o  of 2.15 waa employed, 

The climber and nozzle aec t ions  were f ab r i ca t ed  of copper. They were l i n e d  

wi th  a t h i n  gold p l a t i n g  t o  prevent the  r eac t ion  of amine f u e l  with the  copper. 

Each p iece  had th ree  rowa of thermally i s o l a t e d  hea t  t r a n s f e r  segments, 120 

degrees a p a r t ,  formed by  mi l l i ng  1/32-inch e l o t s  t o  ha l f  the  w a l l  thicltncss.  

In to  t h e  ou te r  eurface of each e l o t  w a s  peened a chromel-aluncl thermocouple 

junct ion.  

connector plug to ,  f a c i l i t a t e  patching the temperature-reeponee inetrumentat ion 

into  Che Beahan 210 Data Aaquiritian System, Loaal veluelr of the transiont 
hea t  f l u x  and f i l m  c o e f f i c i e n t 8  were then ca l cu la t ed  by means of a computer 

program. 

The thermocouple w i r e a  from each eec t ion  terminated i n  a common 

Fifty-one i n j e c t o r  evaluat ion f i r i n g e  were conducted, 41 ueing 70-30 F’LOX 

( t o  s imulate  oxygen d i f  l u o r i d e j  and monomeehylhSr3razbnz, zzd 10 u e h g  exygen 

d i f l u o r i d e  and monomethylhydrazine. F i r i n g  dura t ions  ranged between 1.5 and 

3.0 eeconde. 

I n j e c t o r  Performance 

Figure 11 showe the  v a r i a t i o n  of experimental c* e f f i c i e n c y  wi th  chamber length  

f o r  the  self-impinging doublet  i n j ec to r .  

whereas t h e  t r i a n g l e 8  repreeent  OF2/MMH f i r i n g e .  

shown have been corrected f o r  heat loeeea t o  the  copper chambere. 

The c i r c l e 8  repreeent  FLOX/MMH f i r i n g e ,  

The valuee of c* e f f i c i e n c y  

The performance e f f i c i e n c y  with OF2/MMH is seen t o  be e l i g h t l y  higher  than wi th  

FLOX/MMA. 
i n  chambere only  about 7 inches long (L*.= 15.3 inches).  

s l i g h t l y  h igher  performance with oxygen d i f l u o r i d e  i e  no t  immediately apparent ,  

E f f i c i e n c i e s  i n  exceae of 95 percent  may be obtained wi th  OF2/MMII 

The reaeon f o r  t h i s  
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although the  t rend i s  cons i s t en t .  

mcnt i a  no t  e i g n i f i c a n t l y  b e t t e r  than the  d i f f e rence  shown. 

ind ica t e  t h a t  70-30 FLOX is a 'good c* performance eimulant f o r  oxygen 

d i f luo r ide .  

However, the prec ie ion  of the c* meaeure- 

Tlieee r e e u l t e  

S imi la r  performance r e s u l t s  were obtained with FLOX/MMH f o r  the  o ther  two 

i n j e c t o r e  a tudied ,  and theee r e a u l t s  are summarized i n  Table V I ,  where the 

chamber lengthe required f o r  95-percent c* (baaed on t h e  FLOX/MMH experimente) 

a r e  compared. 

Thro t t l i ng  Demonetration 

As a co ro l l a ry  t o  the  i n j e c t o r  evaluat ion experimente, a s e r i c a  of f i r i n g s  

wae conducted t o  delponetrate t h e  po ten t i a l  f e a e i b i l i t y  of t h r o t t l i n g  a coolcd 

t h r u s t  chamber over a range of about 10:1 at  a l t i t u d e ,  by means of a technique 

incorporat ing a change i n  i n j e c t o r  p a t t e r n  during the  t h r o t t l i n g  cycle .  

The 2-on-2 i n j e c t o r  configurat ion w a s  p a r t i c u l a r l y  au i t ab le  f o r  auch a demon- 

s t r a t i o n  of throttling p n t e n t i a l .  Thro t t l i ng  i e  accomplished by f i r e t  reduc- 

ing  propel lan t  f lowratee through upetreem valving u n t i l  preeeure drops become 

too low f o r  a t ab le  operat ion.  A t  t h i e  po in t ,  p rope l l an t  f low can be c u t  off  

from one oxid izer  o r i f i c e  and the d iagonal ly  oppoeite f u e l  o r i f i c e  by appro- 

p r i a t e  va lv ing  and manifolding, thus convert ing the  p a t t e r n  t o  a e inple  unlike 

doublet  wi th  a reduced o v e r a l l  flow area which could be t n r o t t i e d  ski?? fu r the r .  

F i f t e e n  fixed-point t h r o t t l i n g  t e s t e  were conducted wi th  the  unsymmetrical 

2-on-2 and the  unl ike  doublet  i n j ec to re  t o  demonetrate the  f e a e i b i l i t y  of 

t h r o t t l i n g  over a t h r u s t  r a t i o  of about 1 O : l  a t  a l t i t u d e .  The unlike doublet  

i n j e c t o r  ueed i n  theee t h r o t t l i n g  t e s t e  wae no t  the  eame a e  t h a t  uaed i n  the 

i n j e c t o r  eva lua t ion  f i r i n g e  a l ready  descr ibed.  It had t h e  same number of e le -  

ments a8 t h e  uneynmetricol 2-011-2, and each element consieted of only ha l f  the 

number of o r i f i c e s ,  thur s imulat ing the p a t t e r n  which would resu l t  from the  

2-on-2 when half  the  o r i f i c e s  were cu t  o f f  during an ac tua l  t h r o t t l i n g . )  

35 



W 

d 
M 



Seven t e e t e  were made with the  6.47-inch uncooled chamber, and e i g h t  addi- 

t i o n a l  t e e t e  were made wi th  the  9.47-inch long uncooled chamber. 

were made using FLOX/MMH a t  a nominal mixture r a t i o  of 2.0. 

from 3 t o  5 eeconde. 

a t  the  9.47-inch chamber length  (L* = 19 inchee) t o  document v a r i a t i o n s  i n  

l o c a l  f i l m  c o e f f i c i e n t  throughout the t h r o t t l i n g  cyc le .  

experiment8 (four  with the  6.47-inch chamber, L* = 13 inches and f i v e  with 

the  9.47-inch chamber), the  2-on-2 i n j e c t o r  wae f i r e d  a t  progress ive ly  lower 

f lowra tes  (comencing wi th  those correeponding t o  a chamber pressure of about 

100 pe ia)  t o  simulate t h r o t t l i n g .  

marginal ly  low from the  s tandpoint  of f low cont ro l  (at  a chamber pressure of 

about 50 ps ia )  t he  2-on-2 i n j e c t o r  wae replaced by t h e  unl ike  doublet  i n j e c t o r  

having t h e  same general  face pa t te rn .  

p reva i led  p r i o r  t o  the  p a t t e r n  changeover, t h e  unl ike  doublet  i n j e c t o r  wae 
then f u r t h e r  t h r o t t l e d  by taking advantage of t he  h igher  pressure  drape avail- 
ab le  a t  the  lower chamber preseuree. 

t o r ;  t h r e e  with the  6.47-inch chamber, and th ree  wi th  t h e  9.47-inch chamber. 

A l l  f i r i n g 8  

Durations ranged 

Traneient  heat  f l u x  meaeuremente were made concurrent ly  

In a e e r i e e  of e i x  

When the  i n j e c t i o n  pressure drop8 became 

S t a r t i n g  a t  t h e  t h r u e t  l e v e l  which 

Six t e s t a  were conducted with t h i e  injec-  

The v a r i a t i o n  of c* e f f i c i e n c y  with chamber preeeure over  t he  e n t i r e  th ro t -  

t l i n g  range i a  ehown i n  Fig. 12. As would be expected, performance e f f i c i en -  

c i e s  were s i g n i f i c a n t l y  higher  over t he  e n t i r e  t h r o t t l i n g  range when t h e  longer 

chamber waa ueed. For example, i t  would eeem t o  be poeeible  t o  t h r o t t l e  t h i s  

p a t t e r n  combination from 100 t o  about 15 p e i a  without  degrading c* e f f i c i e n c y  

3 e l w  9C! p r c e n t  in %he 9,47-inch chamber. 

E f f e c t  of I n j e c t o r  on Overall  Film Coeff ic ien t  

The i n j e c t o r  type wae observed t o  inf luence both the  magnitude of the  average 

chamber and t h r o a t  f i l m  coe f f i c i en te ,  and t h e  l o c a l  c i rcumferent ia l  v a r i a t i o n  

of theae  c o e f f i c i e n t s .  

Figure 13 ehowe t he  v a r i a t i o n  of t he  experimental ly  measured f i l m  coe f f i c i en t  

(hg) wi th  both longi tudina l  and circumferent ia l  p o s i t i o n  along the  combustion 

chamber f o r  t h e  oelf-impinging doublet  i n j e c t o r  (using F'LOX/MMH)at a chamber 
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pressure of 100 p e i a  and a mixture r a t i o  of 2.0. 

coe f f i c i en t  i e  nea r ly  constant  a t  about 5 x 10 

d r i c a l  port ion of the chamber, and r i eee  t o  about 8 x loa4 j u a t  upetream of 

the phyeical t h r o a t .  

It i s  Been t h a t  t he  f i lm  

Btu/in.-eec F i n  the cyl in-  -4 2 

Similar  r e e u l t e  were obtained f o r  the o t h e r  two i n j e c t o r e  e tudiee ,  and thcee 

r e s u l t s  a r e  summarized i n  Table V I I ,  where t h e  f i lm  c o e f f i c l e n t e  are compared 

f o r  a l l  three  i n j e c t o r e  a t  a chamber length  of 6-1/2 inchee. 

E f fec t  of 1n.iector on Local Variation8 i n  

Film Coeff ic ien t  

Figure 12  ehowe t h a t  t he re  i s  negl ig ib le  c i rcumferent ia l  v a r i a t i o n  i n  the  

film coefficient with  thir particular injector deaign. 
which is a p l o t  of t he  experimental d a t a  f o r  the  unl ike doublet  i n j e c t o r ,  

shows deviat ion8 of up t o  *lo percent from the  average f i l m  c o e f f i c i e n t  i n  

the chamber, and of up t o  about * 5  percent  i n  the  nozzle,  f o r  the  unl ike 

doublet  i n j e c t o r .  

i n j e c t o r .  

Figure 14, however, 

S imi la r  deviation8 were found f o r  the unsymmetrical 2-011-2 

The lack  of l o c a l  c i rcumferent ia l  v a r i a t i o n s  i n  the  caee of the  eelf-impinging 

doublet  i n j e c t o r  w a s  t he  r e s u l t  of i t e  radial p a t t e r n  arrangement, and i t a  

canted outer  r inge  of fuel a i d  oxidizer elementes both of which prevented the 

d i r e c t  

The o ther  two i n j e c t o r e  had o r i f i c e  p a t t e r n s  arranged on equare centere ,  and 

uniform w a l l  inpingement wae more d i f f i c u l t  t o  achieve i n  t h a t  case.  Local 

va r i a t ion8  i n  hea t  f l u x  nnd f i lm c o e f f i c i e n t  were accordingly expected, and 

were c o r r e l a t a b l e  with the  i n j e c t o r  o r i f i c e  p a t t e r n  layout .  

impingement of oxidizer-rich p rope l l an t  fane on the  chamber wal le .  

Comparieon of Owgen Dif luoride and F'LOX 

Heat Transfer  Data 

The eelf-impinging doublet  i n j e c t o r  wam f i r e d  with the  oxygen d i f l u o r i d e  oxi- 

d i z e r  i n  the  6.47-inch and 9.47-inch chambers t o  verify both the  performance 
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and the  heat  t r a n e f e r  results obtained with the  n 0 X  simulant,  Values of 

l o c a l  f i l m  c o e f f i c i e n t s  obtained in  the 6.47-inch chamber a r e  shown i n  Fig. 15 
f o r  both the oxygen d i f l u o r i d e  and FLOX oxid izers .  A l l  t e s t s  were conducted 

a t  a nominal mixture r a t i o  of 2.0 and a chamber pressure of 100 p i a .  

seen from t h i e  f igu re ,  t he re  i s  subs t an t i a l  agreement of the f i l m  c o e f f i c i e n t s  

when p lo t t ed  aga ins t  longi tudina l  poe i t ion .  Circumferent ia l  v a r i a t i o n s  of the 

f i lm  c o e f f i c i e n t  obtained with oxygen d i f l u o r i d e  were minimal, as was the  case 

with the  d a t a  obtained with the  FLOX simulant wi th  the  eelf-impinging doublet  

i n j e c t o r .  The r e s u l t 8  ind ica t e  t h a t  n 0 X  i s  a good hea t  tranefer simulant 

f o r  oxygen d i f l u o r i d e .  

As 

Comparison of Experimental and Theoret ical  

Film Coef f i c i en t s  

A comparison of t he  experimental f i l m  c o e f f i c i e n t s  with those predicted b3. 

t h e  simple Bartz  c o r r e l a t i o n  a t  the same condi t ions  i s  shown i n  Fig.  16, 
Physical p roper t iea  f o r  t he  Bartz c o r r e l a t i o n  were baeed on frozen equi l ibr ium, 

Good agreement between t h e o r e t i c a l  and experimental  f i l m  c o e f f i c i e n t s  is w e n  

t o  e x i s t  a t  a w a l l  temperature of 150 F. 

w a l l  temperature a t t a i n e d  a f t e r  about 2.0 seconds i n  the  i n j e c t o r  evaluat ion 

f i r i n g s ,  a l l  of which began with the  engine hardware a t  l i q u i d  n i t rogen  tem- 

pera ture  t o  prevent g a s a i f i c a t i o n  of the  FLOX ( o r  oxygen d i f l u o r i d e )  i n  the 

This temperature was the  average 

. .  injsetCr. 

SELECTION OF INJEXTOR PA" FOR USE I N  

COOLED TIIRUST CIIAMBER EVALUATIONS 

From the  s tandpoin t  of r ea l i zab le  performan e ,  a l l  t h ree  andidate i n j e c t  ra  

were approximately equivalent ,  i n  t h a t  each was  capable of providing a c* 

e f f i c i e n c y  of 95 percent  o r  g r e a t e r  i n  a reasonably s h o r t  combustion chamber. 

However, becauae of t h e  eelected chamber cool ing  technique, i t  was neceesary 

t o  chooee t h a t  i n j e c t o r  design which was p o t e n t i a l l y  most compatible with an 

I 
1 

I 

ablative chamber and nozzle.  
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Figure 16. Comparison of  Experimental and Theoretical Film 
Coefficients for a Gee-Side Wall Temperature of 
150 F, and the Predicted Coefficient for a Wall 
Temperature of 1000 F 
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The self-impinging doublet i n j e c t o r  was found t o  be euper ior  t o  t he  unl ike 

doliblet and 2-on-2 i n j e c t o r  pa t te rna  f o r  the  following reasons: 

c i rcumferent ia l  heat  f l u x  variations, which, i f  preeent ,  could have influenced 

l o c a l  char  and surface eroeion r a t e e ;  and (2) i t a  prev ious ly  demonstrated 

a b i l i t y  t o  produce fuel-r ich conditione near  t he  chamber wal le ,  which wae 

expected t o  reduce the r a t e  of eurface regreeeion by reducing the  r eac t ion  

of raw oxid izer  with the char  layer .  Baaed on theee cons idera t ions ,  the 

eelf-impinging p a t t e r n  wae ee lec ted  f o r  app l i ca t ion  i n  the  cooled t h r u e t  

chamber evaluat ione.  

(1) no 

COOLED TIIRUST CHAMBER COMPONENT EW'UATIONS 

Ae wae shown e a r l i e r ,  the  moat f eas ib l e  low-thrust-level cooling eyetem appeared 
t o  be one which c o n s i s t s  of an ab la t ive ly  cooled combustion chamber, a regen- 
e r a t i v e l y  cooled t h r o a t  region,  and e i t h e r  a r ad ia t ion  o r  an a b l a t i v e  nozzle 

s k i r t .  It i e  t h i e  engine configurat ion which i e  p reeen t ly  being used, along 

with the  eelf-impinging doublet  i n j e c t o r ,  t o  demonetrate t he  long-durat ion 

e ta r t -a top- ree ta r t  c a p a b i l i t y ,  e t r u c t u r a l  i n t e g r i t y ,  and performance l e v e l  

of t he  optimized t h r u e t  chamber design. 

e t r a t i o n e ,  at the engine aeeembly, a program wae conducted t o  eva lua te  and 

"optimize" c e r t a i n  of the  ind iv idua l ly  cooled componente, such ae i n j e c t o r  mate- 

r ia l s ,  a b l a t i v e  chambere, a b l a t i v e  e k i r t e ,  and r egene ra t ive ly  cooled t h r o a t  

eec t iona .  

i n  the  t h r u e t  chambere ueed. 

P r i o r  t o  the  f i n a l  f e a s i b i l i t y  demon- 

On a l l  theee t e a t s  95-percent o r  higher  c* e f f i c i ency  wae developed 

I n j e c t o r  Material Performance 

Several  eelf-impinging doublet  i n j ec to re  were f ab r i ca t ed ,  one of 6061 aluminum 

alloy, one of type 321 e t a i n l e e e  s t e e l ,  and one of type A n i cke l ,  and a l l  
t h ree  were f i r e d  with FLOx/MMEI. The aluminum i n j e c t o r  ehowed eigne of eurface 

eroeione and p i t t i n g  i n  regione of high hea t  flux, and eome enlargement of the 

MMH o r i f i c e e  wae noted, a f t e r  only 60 seconds of euetained f i r i n g .  

e t e e l  i n j e c t o r  ehowed e imi l a r  signs of e ros ion  and p i t t i n g  in t h e  high hea t  f l u x  

The a ta in leea-  
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region8 a f t e r  1000 eeconde of f i r i n g ,  and the  oxid izer  i n j e c t o r  o r i f i c e  flow 

a r e a  wae decrcaeed e l i g h t l y  by depoeite of i ron  oxide and f luo r ide .  

These r e e u l t e  i nd ica t e  t h a t  aluminum, though chemically r e e i e t a n t  and l i g h t  

i n  weight, may encounter face  heat ing and erosion becauee of i t s  inherent ly  

low melting point .  

eurface i n t e g r i t y  a t  i t a  higher  melting temperature, but may be eubject  t o  
chemical a t t a c k  by the  oxid izer  a t  e levated temperatures. 

may be one poseeeeing the  durable f ea tu ree  of both metale. 

n icke l  eelf-impinging i n j e c t o r  i e  c u r r e n t l y  being evaluated, i n  the  expectation 

t h a t  t h i e  metal may exh ib i t  a l l  of t he  good q u a l i t i e e  of both the  aluminum and 

e t a i n l e e e  e t e e l .  

t i o n s  t o  permit a comparieon w i t h  the  o the r  two metale. 

S t a in l e se  e t e e l ,  on the  bther hand, would poeeeee b e t t e r  

The i d e a l  i n j e c t o r  

Consequently, a 

To da te ,  however, it hae not  been f i r e d  f o r  long enough dura- 

Ablat ive Chamber Liner Performance 

Two a b l a t i v e  chamber l i n e r e  were f i r e d  ueing FLOX/MMA a t  a mixture r a t i o  of 

2 and a chamber preeeure o f  100 peia .  

carbon cloth/phenolic or ien ted  a t  30 degreee t o  t h e  chamber cen te r l ine ,  eur- 

rounded by parallel-wrapped Refraeil /phenolic . 
in the  thickneee of t h e  carbon c lo th  layere ,  which were 0.6 inch and 1.2 inchee, 

respec t ive ly .  

Both l i n e r s  had an inner  l a y e r  of 

The chambere d i f f e r e d  only 

A f t e r  each l i n e r  had been f i r e d  f o r  500 eeconde ( two 25Geecond feste each) 
core eamplee were removed from each l i n e r  and the char  depthe meaeured. 

char  depth at  the  midpoint of the 0.6-inch l i n e r  wae 0.8 inch, i nd ica t ing  

t h a t  t he  char f r o n t  had passed i n t o  the  Ref rae i l  ma te r i a l .  

a t  t h e  midpoint of  t he  1.2-inch l i n e r  wae 0.85 inch, i n d i c a t i n g  t h a t  the  char 

The 

The char  depth 

f r o n t  remained i n  the  carbon c lo th  l aye r .  

Subsequently, the 0.6-inch l i n e r  wae f i r e d  f o r  an add i t iona l  850 seconds ( in  

a e e r i e e  of 40-90 eecond t e s t e ) ,  br inging the  t o t a l  dura t ion  on t h i e  chamber 

t o  1350 eeconde. 

ie ehown i n  Fig. 17: 
At t h i s  point,  t h e  chamber was eectioned, and i t e  appearance 

The maximum char depth of 0.88 inch occurred a t  a point 
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about 1 inch upstream of the  chamber e x i t .  

removal was provided by t h e  cooled face of t h e  water-cooled spacer ,  the  char 

depth wae only 0.2 inch (wel l  within the  carbon c l o t h  layer ) .  

A t  t he  i n j e c t o r  end, where heat  

The char  depth var ied  only along the longi tudina l  a x i s  of the chamber, and no t  

c i rcumferent ia l ly ,  i nd ica t ing  the  e f fec t iveneee  of t he  eelf-impinging doublet  

i n j e c t o r  w i th  mixture r a t i o  grad ien t  cont ro l .  There were no deep gouges or 

"ecal lope,"  and t h e  chamber wae found t o  be e t r u c t u r a l l y  eound and s u i t a b l e  

f o r  addi t iona l  f i r i n g s .  

contrary,  the  in s ide  diameter o f  the chamber a c t u a l l y  decreased from 3.72 inchea 

t o  3.66 inches over the  1350-second f i r i n g  cycle. 

There was no evidence of eurface e ros ion;  on the  

In  general ,  i t  appears from the l imited q u a n t i t y  of experimental d a t a  gathered 

t o  da t e  t h a t  the  ablative l i n e r e  evaluated eo f a r  are capable of 1800 seconde 

t c t a l  operation. 
addi t iona l  experimental evidence. 

This conclueion i e  prel iminary,  and muet be supported by 

Further  evaluat ion of a b l a t i v e  chambere wi th  varying carbon-cloth thicknesses  

and wrap anglee i e  p r e s e n t l y  under way. 
a r e  planned t o  permit determination of char  rates from t h e  embedded thermocouplee. 

S u f f i c i e n t l y  long f i r i n g  dura t ions  

Reaenerat ively Cooled Throat Sect ions 

Several  60-second f i r i n g e  have been made wi th  t h i e  component t o  date. Free- 

s u r e  drop, hea t  load,  and bulk temperature r i e e  d a t a  were measured, using both 

water and monomethylhydrazine as the  coolant .  Theee prel iminary r e e u l t s  indi-  

ca ted  e a t i e f a c t o r y  nozzle  cooling, bu t  any firm conclueione muet be baaed on 

t h e  r e e u l t e  of t he  long-durat ion f i r i n g e  c u r r e n t l y  being conducted wi th  the  

regenera t ive  hardware. 
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Ablative S k i r t s  

Several  short-durat ion f i r i n g s  have been made with one s k i r t  t o  check out the  

a l t i t u d e  f a c i l i t y .  

under way, and no da ta  a r e  ava i lab le  f o r  presenta t ion  a t  t h i s  time. 

The fu l l - sca l e  sk i r t - eva lua t ion - t e s t  s e r i e s  i s  present ly  

SuMMAtty OF RESUIZ'S TO DATE 

The program thus far has r e s u l t e d  in :  

as the  bes t  compromise f u e l  with oxygen d i f l u o r i d e ;  (2) the  s e l e c t i o n ,  based 

(1) the  s e l e c t i o n  of monomethylhydrazine 

on ana lys i s ,  of an ablat ive-regenerat ive-ablat ive composite chamber, and of 

an i n j e c t o r  design compatible w i t h  the  se l ec t ed  cooled chamber; (3) the  

experimental v e r i f i c a t i o n  of the  a b i l i t y  of t he  i n j e c t o r  t o  y i e l d  the  requi red  

performance e f f i c i e n c y  and maintain t he  s t r u c t u r a l  i n t e g r i t y  of t he  t h r u s t  

chamber; and (4) an i nd ica t ion ,  based on experiment, t h a t  the  s e l e c t e d  t h r u s t  

chamber conf igura t ion  is probably capable of t h e  requi red  1800 seconds f i r i n g  

durat ion,  i n  e i t h e r  a continuous o r  a s t a r t - a t o p  mode. , 


